Introduction
A growing emphasis has been placed on improving steelmaking processes for the production of ultra clean steels. Since impurities and tramp elements are eliminated primarily through slag/metal reactions, the properties of molten oxide mixture, i.e. metallurgical slags, have become increasingly important. It is well known that the thermodynamic properties of molten oxides are determined by slag composition; therefore, extensive research on the slag chemistry-property relationships have been carried out to optimize slag composition for more effective reactivity of slags. [1] [2] [3] [4] Slag composition also determines the physical properties of molten oxide mixtures, which is similarly important in the steelmaking process. For example, slag viscosity is important in BOF steelmaking and blast furnace ironmaking in terms of slag fluidity. [5] [6] [7] In addition, the chemical composition of molten oxide mixtures affects the life span of metallurgical refractories. For instance, slag composition should be optimized to expand the life of the BOF vessel lining by improving the slag coating technology of the vessel. Numerous investigations have been carried out on the slag properties during the past few years. [8] [9] [10] [11] [12] [13] [14] It became more evident that the slag composition is more important; consequently, the understanding of the methods to maintain proper slag viscosities became necessary to establish the stable operation technology of the steelmaking process using highly basic slags. Several researches have reported the viscosities of silicate melts. For instance, the viscosities of CaO-SiO 2 -Al 2 O 3 slag system were measured in the range of basicity C/SϷ0.6-1.3, 2) 15, 16) and those of CaO-SiO 2 -Al 2 O 3 -MgO-FeO slag with C/Sϭ1.2-1.5 were studied by some investigators. [17] [18] [19] However, most researchers on slag viscosity focused on the liquid region of homogeneous molten slag, whose compositions were limited to low basicity or high Al 2 O 3 and/or FeO content in the slag. Thus, it is required to measure the viscosities of steelmaking slags in a wider range of compositions, i.e. in more basic compositions. In this study, the viscosities of highly basic steelmaking slags were measured in solid and liquid coexisting region. And the effect of solid phases on slag viscosity has been quantitatively evaluated by plotting the relative visocosities against the mass/volume fractions of solid phases estimated form the slag composition.
Experimental
The rotating cylindrical method was adopted for taking viscosity measurements, and the experimental apparatus is shown in Fig. 1 . The Bookfield digital viscometer (model RVDV-IIϩ) was used in the present study. The viscometer head was connected to the working spindle by two Pt-12mass%Rh thermocouple hooks. The crucible, suspending wire and spindle used in the experiments were made of Pt-12mass%Rh in order to prevent the contamina- (Received on April 25, 2007 ; accepted on June 1, 2007 ) The viscous behavior of CaO-SiO 2 -FeO-MgO slags saturated with dicalcium silicate (2CaO · SiO 2 ) with 8 mass% MgO at 1 873 K, and CaO-SiO 2 -FeO-Al 2 O 3 -MgO slags are measured under the conditions of highly basic slag compositions with regard to the fluidity of BOF slag and slag coating technology. The experiment shows that slag viscosities increase with decreasing temperature for almost all the slags that have been investigated over a range of temperature range, and the slag viscosity has exhibited different behavior in the temperature range lower and higher than 1 773 K. The viscosity of the present slag systems has decreased with increasing FeO content. The viscosities depended on Al 2 O 3 and FeO contents more strongly than on MgO content. The slag basicity has a more significant effect on increasing slag viscosity. A thermodynamic approach for the constants of the Einstein-Roscoe equation has resulted in a reasonable relationship between the relative viscosity and the volume fractions of solid phases estimated from the slag compositions. Thus, the present study confirms that the viscosities of highly basic slags can be estimated in terms of the slag compositions by predicting the fraction of solid phases in the slags for the stable BOF operation and the reliable coating of vessel lining.
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tion of slags. The dimension of the crucible and spindle is listed in Table 1 . The viscometer was calibrated by using Brookfield standard oils with 0.485, 0.96, 4.85, 9.75, and 50.4 dPa · s at room temperature. The experimental procedure used in the present study is similar to the previous researches. 18, 19) All slag samples were prepared using reagent-grade chemicals of SiO 2 , Al 2 O 3 , MgO, FeO, and CaO. CaO was obtained by calcining CaCO 3 at 1 273 K for 3 h. To measure the slag viscosities, 120 g of mixed powder was put in a Pt-12mass%Rh crucible. The crucible containing slag sample was placed into a reaction chamber in an Ar (0.4 L/min) atmosphere at 1 873 K. A metal flange was utilized to fill the gap between the viscometer and reaction tube, and an Ar gas (0.4 L/min) was flown into the reaction chamber.
The slags were kept molten for more than 3 h, and the rotating spindle was then immersed into the slags and held in the middle of the melt. Three different rotating speeds (30, 60 and 100 rpm) were used at 1 873 K to ensure that viscosity values were independent of the rotation speed. The holding time for reaching equilibrium state was more than 30 min at each experimental temperature. After viscosity measurements were completed, the slag samples were reheated to 1 873 K and held for more than 3 h. Then the slag samples were withdrawn and quenched to analyze the compositions. According to the compositional analysis of postmeasurement slags using the X-ray Fluorescence spectrometer (Bruker-AXS SRS3400), there was no significant change in the composition for each slag component. (less than 1 mass%). Table 2 lists the slag compositions and measured viscosities, and the compositions are approximately plotted in the phase diagram obtained by the projection of CaO-SiO 2 -FeO-MgO slag onto the ternary system, as shown in Fig. 2. 
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Results and Discussion
Effects of Temperature on the Viscosities of
Highly Basic Slags Figure 3 shows the viscosities of highly basic BOF slags (B1-B4), which were measured as a function of temperature, and the values found were compared with previous studies. 21, 22) Although there are only two kinds of viscosity data reported with the similar slag compositions to those in Table 2 , the viscosity data shown in Fig. 3 show a similar trend to those in the literature above the liquidus temperature. In the experimental data shown in Fig. 3 , for a given composition, the viscosity of BOF slags decreases as temperature increases, and, at a given temperature, the viscosity generally increases as FeO content decreases. Viscous flow can be described as a rate process similar to a chemical reaction or diffusivity. The relationship between viscosity and temperature can be described by a generalized form of the Weymann equation or Frenkel equation 23, 24) :
Where h is the viscosity, A W is a constant, T is the temperature in Kelvin, E h W is the activation energy and R is the gas constant. The values of the activation energy E h W were determined to fall in the range of 140 to 260 kJ/mol by fitting the experimental data for the slags, which are compared with the activation energy values of 60 to 300 kJ/mol for binary silicate melts by Zhang and Jahanshahi. 25) This means that the experimental data obtained in this study are comparable and reliable. According to the phase diagram estimated in Fig. 2 , it can be easily predicted that the viscosities of highly basic slags (B1-B4) were measured in the liquid-solid coexisting region. Therefore, the viscosities were measured for the slags which are saturated with 2CaO · SiO 2 at 8 mass% MgO at 1 873 K (Saturation line) in order to evaluate the viscosities of fully liquid region at 1 873 K. These specific slags were used for more quantitative interpretation because the slag compositions in the present study were in the solid and liquid coexisting region as shown in Fig. 2. Figure 4 shows the temperature dependence of viscosities for the slags saturated with 2CaO · SiO 2 at 8 mass% MgO. Slag viscosities increased with decreasing temperature for almost all the slags investigated over the temperature range. As shown in Fig. 4 , the slag viscosity exhibits different behavior with decreasing temperature where there is no significant difference in the viscosity values in the temperature range higher than 1 773 K. It is believed that the viscosity increase with increasing slag basicity could be cancelled out by the viscosity decrease with increasing FeO content, resulting in keeping the viscosity values unchanged for a given temperature, because it was known that increasing FeO content decreased the crystallization temperature and slag viscosity. 18) However, this trend disappeared with decreasing temperature below 1 773 K, which is believed to be due to solid-phase precipitation when the temperature approached the liquidus temperatures. From this reasoning, the compositions of highly basic BOF slags studied in Fig.  3 might be in the liquid-solid coexisting region for the temperature range investigated, which will be dealt with in subsequent discussion in more detail. 40 mass%. As shown in Fig. 5 , the viscosity exhibits higher values compared to those measured by Lee et al. 18) even at higher FeO content because the effect of basicity and MgO on the slag viscosity is believed to be dominant. In addition, the viscosities tend to decrease with increasing FeO content in all the basicity ranges investigated. Similar to the report by Toop 26) In order to explain the effect of various slag compositions on viscosities, slag viscosities were measured within 2CaO · SiO 2 -saturated zone for the basicity of about 2.3. As shown in Figs. 6(a) and 6(b) , the viscosities have tendency to increase with decreasing temperature. MgO does not appear to have a significant influence on slag viscosity, and it might be because of a higher experimental temperature at 1 873 K. In the phase diagram of CaO-SiO 2 (ϩAl 2 O 3 )-MgO-FeO at 1 873 K, 20) the liquidus temperature exhibited a little shifting with the change of MgO content, and it also resulted in negligible change of viscosity. On the other hand, the viscosities measured at 1 773 K showed different behavior because they increased more rapidly compared with those measured at higher temperatures such as 1 873 K.
Effects of FeO and
As shown in Fig. 6 , the viscosities depend on Al 2 O 3 and FeO contents more strongly than on MgO content, and this may have happened due to the increase of the fraction of solid phases in the slags. The slag viscosity with different MgO content exhibits a similar tendency. However, slag viscosities decrease with increasing Al 2 O 3 content from 5 to 10 mass%. The viscosity decrease with respect to increasing Al 2 O 3 content can be explained in terms of the structural role of aluminum in depolymerized silicate melts. As Dingwell suggested two competing mechanisms of viscous flow, increasing Al/(AlϩSi) in a structural unit decreases the (Al,Si)-O bond strength. 27) This decrease leads to lower activation energy of viscous flow, resulting in decreased viscosity values. However, the viscosity is also a function of the fraction of fully polymerized units [(Al,Si)O 2 ] in the slag. Thus, increasing Al/(AlϩSi) might result in increased abundance of such units, and the overall polymerization of the slag can be maintained by forming highly depolymerized units as well. Consequently, it can be suggested that the competition between these structural effects, increasing (Al,Si)O 2 abundance with increasing Al/(AlϩSi) and the influence of Al/(AlϩSi) on bridging oxygen bond strength, results in lower viscosity values of the current slag compositions. Figure 7 shows the effect of slag basicity on the viscosities which were measured along the saturation line at 1 873 K. Slag viscosity increases from 1.4 to 5.1 poises with increasing basicity and FeO content. This shows that the slag basicity has a more significant effect on increasing slag viscosity since FeO plays a role in decreasing the slag viscosity. And as the slag basicity increases, the slag composition might change to the liquid-solid coexisting region where solid phase such as 2CaO · SiO 2 has an effect on increasing slag viscosity.
Effects of Slag Basicity on the Viscosities of Silicate Melts
In order to clarify the effect of increasing slag basicity on viscosity, the viscosities of CaO-SiO 2 -FeO-MgO-Al 2 O 3 slag systems were measured. As shown in Fig. 8 , the minimum viscosity value is observed around C/Sϭ1.3 and they increase with increasing basicity. In the slag composition with C/SՅ1.3, the viscosity decreases with increasing slag basicity. The reason has been reported to be due to insufficient basic oxide for depolymerization of silicate group. 28, 25) Hence, as basic oxides are added into the silicate melts, slag viscosities decrease due to the breakage of the silicate network structure.
On the other hand, the viscosities increase with increasing slag basicity and especially viscosities have the values above 80 poise for C/Sϭ3.76 in the slag composition with C/S>1.3. In this region, it can be explained not by the depolymerization of silicate network, but by the effect of basic oxide on the formation of solid phase having high melting temperatures similar to 2CaO · SiO 2 compound. It can be fully understood by a similar shape between isotherms with composition and the phase diagrams. 29, 30) Although no report has been made about the penternary phase diagram of CaO-SiO 2 -FeO-MgO-Al 2 O 3 , the effect of precipitating solid phases with higher melting temperatures could be explained by CaO-SiO 2 (ϩAl 2 O 3 )-FeO-MgO pseudo-quaternary phase diagram shown in Fig.  2 . The liquidus at 1 673 K is also shown in Fig. 2 and indicated with a dashed line.
31) The melting temperatures of slags increase with increasing basicity, and decreasing temperature expands a solid phase region. Thus, the viscosities increase with increasing the fraction of solid phases due to the expansion of solid phase region. As mentioned earlier, the viscosities in the solid and liquid coexisting region would be affected not only by temperature but also by solid phase fraction. Thus, the slag system was selected to evaluate the fraction of solid phases being suspended in the molten slag in the present study.
Effect of Solid Phases on Slag Viscosity
As previously pointed out, highly basic BOF slags exhibit much higher viscosity values than those measured for normal slag-related melts even though they contain high amount of iron oxides. It is believed that high slag basicity is more of a dominant factor than the iron oxide content, resulting in showing higher viscosity values than 20 poises as shown in Fig. 8 . Because the high viscosity values are not common for general liquid state melts, the viscous behavior of highly basic slags can be explained by the solid phases coexisting in the slags taking the slag compositions in Table  2 and the estimated phase diagram in Fig. 2 into account.
In order to examine the viscous behavior of the slags containing solid phases, the relative viscosity values with respect to that measured at 1 873 K were plotted against the mass fraction of solid phases because the slags are fully liquid at higher temperature. The solid phases were identified and their mass fractions were estimated with the help of FACTSAGE ® software (FACTSAGE ® is a commercial software.) as shown in Table 3 . In Fig. 9 , the relative viscosity abruptly increases in the range of the mass fraction of solid phase from 17 to 25 %. This indicates that the slag viscosity in solid and liquid coexisting region linearly increases with the increasing mass fraction of solid phases despite of some solid particles in slag melts. Therefore, it is necessary to evaluate the critical value of the fraction of solid particles above which slag viscosity begins to abruptly increase in the present study.
Einstein proposed one equation describing the viscous behavior of liquid melt containing solid phase.
32) The equa- tion has been modified by several researchers. 33, 34) The Einstein-Roscoe modeling equation has been proposed as a typical model for liquid melt with solid phase particles and it is usually represented as Eq. (2) (2) where h, h 0 and f are the viscosity of liquid melt with solid particles, the viscosity without solid particles and fraction of solid particles in the melt, respectively. The value of a in Eq. (2) indicates the inverse maximum fraction of solid particles in case silicate melt shows a stable viscosity behavior. The constant n in the equation is related to the geometrical particle shape and can be assumed to be a 2.5 for spherical solid particles. [35] [36] [37] However, it has been known that the application of Eq. (2) is limited due to the assumption that solid particles with very low solubility in the liquid slag are homogeneously distributed in the melt. In order to quantify the effect of solid phases on slag viscosity by estimating the viscosities of CaO-SiO 2 -FeO-MgO-Al 2 O 3 slag system from Einstein-Roscoe equation, the shape of solid phases was assumed to be spherical.
The constant, a in Einstein-Roscoe equation, can be calculated as shown in Fig. 10 by fitting the experimental data in Fig. 9 using the relationship between (h/h 0 ) Ϫ1/2.5 and f in Einstein-Roscoe equation. Because the present slags have very high liquidus temperatures, it was assumed that the slag compositions were saturated with 2CaO · SiO 2 at 8 mass% MgO at 1 873 K. For converting the mass percent of Fig. 9 into the volume fraction of solid phase of Fig. 10 , the density data for the estimated solid phases and liquid slag were approximately taken to be about 3.0 g/cm 3 . 38) The slopes in Fig. 10 give the values of a of 2.79, 3.89, 2.74 and 3.76 with decreasing FeO content, respectively. From the inverse proportionality between the constant, a and the maximum volume fraction of solid phase, f max , the maximum volume fraction of solid phase are calculated to be in the range from 0.26 to 0.36. That is, the volume in the slags occupied by the solid phase can be estimated to be from 26 to 36 %. In the case of slag compositions saturated with 2CaO · SiO 2 and 8 mass% MgO, its viscous behavior would be stable until the volume fraction of solid fraction in silicate melts becomes about 26 %. Accordingly, the fraction of solid particles in silicate melts should be controlled within this range for the stable operation. And it can also be applied to other systems which contain solid particles in melts.
Industrial Significance
BOF processes are primarily focused on the decarburization, dephosphorization and desulfurization where higher slag basicisty has been maintained than theoretically estimated one. 4) Accordingly, some problems associated with the slag fluidity may be present due to the precipitation of solid phases in liquid slag. As the present study indicates, the solid phases in each slag, below about 26 %, must be controlled to guarantee the stable BOF operation and/or slag coating in the vessel. That is, in case the BOF slag compositions are determined, the solid phases precipitating in liquid slag can be estimated using the thermodynamic software such as FACTSAGE ® and their mass percent can be evaluated. Then, with the help of some density data of the related systems of slags and solid phases, the mass fractions of the solid phases can be converted into their volume fractions allowing the obtainment of an equation similar to the Einstein-Roscoe equation to be possible. Finally, according to the modeling equation, the viscosity of BOF slag can be estimated, and this facilitate the BOF operation in good condition.
Conclusions
The viscosities of CaO-SiO 2 -FeO-MgO slags, which are saturated with dicalcium silicate (2CaO · SiO 2 ) with 8 mass% MgO and CaO-SiO 2 -FeO-Al 2 O 3 -MgO slags were measured at 1 873 K, and the results were analyzed in terms of the fraction of solid phases. From the findings, the following conclusions were obtained:
(1) Slag viscosities increased with decreasing temperature for almost all the slags investigated over a range of temperature, and the slag viscosity exhibited different behavior with decreasing temperature lower and higher than 1 775 K.
(2) The viscosity of the present slag systems decreased with increasing FeO content since it is believed that FeO has a more significant effect on the Gibbs free energy than any other components and lowers the melting temperature of slags.
(3) The viscosities depended on Al 2 O 3 and FeO content more strongly than MgO content, and this can be explained by the increase of the fraction of solid phases in the slags.
(4) The slag basicity has a more significant effect on increasing slag viscosity since FeO can influence slag viscosity to decrease. This indicates that the slag composition might change to the liquid-solid coexisting region where solid phase such as 2CaO · SiO 2 has an effect on increasing slag viscosity extremely.
(5) The relative viscosity with respect to the viscosity measured at 1 873 K was confirmed to have reasonable relationship with the volume fraction of solid phases estimated from the slag composition, which might facilitate the prediction of the slag fluidity in BOF operation.
